Abstract. Structural indices and characteristics have often been employed for assessing different aspects of forest stands. In order to assess the performance of such measures in forest sample plots of different size and shape, the current study is based on a data set for a relatively large (1 ha) silver birch dominated stand, and fi ve simulated planar point patterns (a Poisson process, two clustered and two regular patterns) with similar intensity of points distributed on an area equal to the silver birch stand as reference stands. The analyses was based on repeated samplings of the stands, with randomly placed circular or square shaped plots of different sizes, with area ranging from 0.007 to 0.636 ha. Similar centre positions were considered for plots of different shapes, but the locations of the plot centres differed with size, so that plots of different sizes were able to cover the maximum possible area of reference stands. Some structural indices accounting for one or four nearest neighbours, and also the Point-pair correlation function was then quantifi ed for each random sample plot. We used standard deviation and the differences of the mean estimates from the expected values to assess the sensitivity of the structural measures to the size and shape of sampling plots. The results indicated the signifi cant effect of plot size and shape on structural indices. The correlation between plot size and estimates precision was positive, and small plots, regardless of their shapes, showed big variation among them while circular plots often provided more accurate estimates. Even though, as expected, expanding the plots increased the precision of the neighbourhood-based indices' estimates (spatial measures), and also resulted in inaccurate estimates for some reference stands, depending on the arrangement of trees/points within that stand.
Introduction
Forests are complex ecosystems and their structural attributes are of great importance (Franklin et al., 2002; Kint et al., 2004) . Spatial alignment of individual trees and distribution patterns of their size and species are known as major components of forest stand structure (Gadow & Hui, 1999; Lingua et al., 2008) . The structural properties of forests are believed to be related to their ecosystem functioning (Naumburg & DeWald, 1999; Bobiec, 2002; Sallabanks et al., 2002; Frolking et al., 2009) . Evidently, growth of trees is infl uenced by the species composition, spatial structure, and dynamics of forest stands and also anthropogenic effects (Navarro-Cerrillo et al., 2013) , and in return the dynamic processes of growth and disturbance are refl ected in the structural components of forests (Rice et al., 2004; Unger et al., 2013) .
Regarding the importance of the mentioned components in analysing forest ecosystems and their dynamics, numerous indices and statistical techniques for quantifying stand structure have been developed and compared (e.g. Gleichmar & Gerold, 1998; Kint et al., 2000 Kint et al., , 2003 Pommerening, 2002) . The majority of structural indices have been divided into two main groups: non-spatial and spatial measures. Some specifi c structural properties of forests, such as tree diameter distribution and tree species composition belong to the fi rst group, which do not need any spatial reference and often they are quite simple to assess, and can be used for more complex assessments (Palace et al., 2015) . The second group is based on positions of trees and it can be subdivided into the following subcategories: individual tree parameters based on neighbourhood relations, spatial measures of forest stand structure at stand level, and continuous functions of inter-tree relations (Pommerening, 2002) . Neighbourhood relations of trees, based on their nearest-neighbours, account for small-scale differences and are appropriate, as well as easy to calculate and interpret (Kint et al., 2003) . Stand level spatial indices often describe aspects of variability of individual tree locations within stands by a single value whilst continuous functions are more complex, using techniques to examine the second-order effects, and take all possible inter-tree distances within the stand into account (Dale, 2000; Pommerening, 2002; Law et al., 2009) . Forests in different development stages and conditions, when considering the trees as stationary points, represent different point processes. For instance, (1) older forests may present a regular pattern, where trees have been thinned out earlier, either due to inter-and/or intra-specifi c competition leading to self-thinning, or because of management activities, (2) a clustered pattern may be found in young forests consisting of trees with heavy seeds or with any heterogeneous conditions forming trees in groups, and fi nally (3) a random pattern, Poisson process, is common in most forests (Tomppo, 1986; Pommerening, 2002) , and it is a situation between two recent patterns .
Since spatial indices require information about tree positions, and obviously the collection of such data is expensive and time-consuming (Kint et al., 2004) . Considering the facts that forest spatial pattern heterogeneity at different scales is an important component of their structural complexity (Churchill et al., 2013) and the plot size has a direct effect on the assessment of general stand characteristics, such as stand density and stand basal area (Corona et al., 1998) , appropriate sampling methods, either in size or by shape, must be used (e.g. Fü ldner, 1995; Pommerening & von Gadow, 2000) . Various sampling approaches can be properly applied, considering the specifi c objectives of designing forest monitoring plots, in order to defi ne the degree of precision and accuracy required through a benefi t-cost analysis (Corona & Marchetti, 2007; Travaglini et al., 2013; Lombardi et al., 2015) .
To date, several data sources have been established in Estonia for forest growth assessment and yield modelling, the main sources being those of the National Forest Inventory (NFI) and the Estonian Network of Forest Research Plots (ENFRP). The NFI sample plots are circular with systematic design, and cover the entire area of Estonia, and are planned in a fi ve-year cycle. The sampling intensity is the same throughout the country, having a cluster distribution with the aim of increasing the effi ciency of the survey, and keeping the accuracy requirements at a national level. Trees are measured in the NFI sample plots with radii of 7 and 10 m, for temporary and permanent plots, respectively (Adermann, 2010) . The ENFRP consists of 132 729 permanent plots, containing the data for all the main forest types in Estonia (Kiviste et al., 2015) . The permanent plots are circular with a radius ranging from 7 to 30 m and are measured at intervals of every fi ve years.
For this study, in order to check how well the stand structure variables can be estimated within the Estonian plots, we carried out an experiment for a detailed investigation to view the infl uence of the sampling plot size on the assessment of some structural indices for a one-hectare silver birch dominated plot and fi ve simulated point patterns. Since circular and square-shaped sample plots are commonly used in forest mensuration (van Laar & Akça, 2007) , the square plots of varying size were also implemented, and compared with the circular plots for the forest structural study. Therefore, the main objective of our study is to assess the sensitivity of the structural indices' estimates to the size and/or shape of the sample plots, within the varying structural complexity of a silver birch dominated stand and fi ve other simulated point patterns.
Material and Methods

Study area
The study area consisted of one hectare (100 m × 100 m) stand which was dominated by 54 years old silver birch trees, established for Radiation Model Intercomparison (RAMI) study (Kuusk et al., 2013) , located in Järvselja Training and Expe rimental Forest Centre; compartment JS228 (latitude: 58° 15' 54.60 '', longitude: 27° 16' 57.97'') . Within the stand the growth conditions are good and the total number of 968 trees on the typical brown gley-soil was re-measured in 2013, and with the fi rst measurement done in 2007. The RAMI stand consists primarily of deciduous tree species including: 57% silver birch (Betula pendula Roth), 29.5% common alder (Alnus glutinosa (L.) Gaertn.) and 11% aspen (Populus tremula L.). A thinning operation was carried out in the stand during September-October 2004. Based on the social status of the trees, the mentioned deciduous species formed the fi rst layer, and the second tree layer mostly consisted of small leafed linden/lime (Tilia cordata Mill.) and Norway spruce (Picea abies (L.) H. Karst.) while the understory vegetation was dominated by a mixture of several grass species (Kuusk et al., 2013) .
Sampling simulation
The analysis of the effect of sample plot size and shape consisted of several simulated samplings of the stand with randomly placed plots. For our circular sample plots, with 41 different radii ranging from 5 to 45 m and increasing by one meter, were then selected so that the Estonian plot sizes were included within this range. For every plot size, 1,000 random centres were independently generated. Also, depending on radius, a buffer zone of trees near the stand borders was considered when determining the sample plot centres, with its width equal to the sample plot radius. Subsequently, the simulated sample plots could be always, thoroughly improvised inside the RAMI stand. Square plots were formed around each random centre defi ned for the circular plots with the restriction that they cover an area equal to the area of the corresponding circular plot.
A forest stand can be reduced to a fi nite set of points to represent the horizontal locations of trees in the stand, and the assumption is that the two-dimensional alignment of tree positions in a stand can be described by a point process (Penttinen et al., 1992) . Therefore, in order to test the sensitivity of structural indices to different point patterns, fi ve different planar point patterns were generated with the condition that these virtual plots cover an area equal to the RAMI stand, and with almost the same intensity. In those patterns, each point defi ned by its position can represent a tree in the virtual plot using two-dimensional Cartesian coordinates . The simulated patterns are: 1) a Poisson process or random pattern (Ran); 2) an extreme clustered pattern (Cl1); 3) a moderate clustered pattern (Cl2), where both cluster centres follow the Poisson process and the cluster points are randomly distributed in circles of various radii around the centres; or 4) & 5) two types of regular patterns (Reg1 & Reg2). Also in order to keep the similar species composition and diameter distribution, the diameter and species identity of trees within the RAMI stand were assigned to the points in the simulated stand. For this step, the trees in the RAMI stand and the points in the simulated patterns were ranked based on their distances and angles from the stand centre, and the points got the diameter and species identity of trees in the RAMI stand having similar ranks. Therefore, the next step was to explore the effect of the sample plot size and shape on structural indices' estimates, and we were also able to test the effect of different spatial alignment of trees. For the fi ve simulated patterns a sampling method similar to the RAMI stand with the same plot centres was applied. Therefore the RAMI stand and fi ve simulated patterns, as shown in Figure 1 , formed our reference stands for this study.
Structural indices
Structural indices applied on simulated sample plot data are presented in Table 1 . Five indices describe stand spatial structure by single values, and are based on Effect of sample plot size and shape on estimates of structural indices nearest-neighbour relations as follows: the aggregation index (Clark & Evans, 1954) and diameter differentiation index (Füldner, 1995; Pommerening, 2002) using only the nearest neighbour while diameter dominance Aguirre et al., 2003) , uniform angle index and species mingling (Füldner 1995; Aguirre et al., 2003) are single tree based indices accounting for 4 nearest neighbours. The aggregation index (agg) describes the aspects of the variability of tree locations in the stand and is defi ned as:
where L obs is the mean distance to the fi rst nearest neighbour, E(L) is the mean nearest neighbour distance in a stand, in the case of completely random tree locations, A is the area of sample plots, as observation windows, and n is the number of trees. The expected value of the aggregation index in the case of completely random tree locations is equal to 1, where values less than 1 indicate a clustered distribution of trees, and values greater than 1 point to a tendency to being regular. Diameter differentiation index (ddf) as a single-tree based measure of biodiversity of tree dimensions illustrates the spatial distribution of tree sizes as follows: 
Notes: L obs and E(L) are the mean distance to the fi rst nearest neighbour and the mean nearest neighbour distance in a stand in the case of completely random tree locations, respectively; n and A are the number of trees and area of the observation window, respectively; dbh i and dbh j are the diameter at breast height of the reference tree i and its neighbour j, respectively; α is the angle pointing away from the reference tree to neighbours; λ is the intensity of points at distance r from an arbitrary point and λ 0 is the expected intensity for a Poisson process. 
Märkused: L obs ja E(L) on puu keskmine kaugus lähima naabrini ja lähima naabri oodatav keskmine kaugus puude täiesti juhusliku paigutuse korral, kus n and
where dbh i and dbh j are diameter at breast height for tree i and its nearest neighbour j. Values equal to zero indicate equal size of neighbouring trees. Diameter dominance index (ddm) is another measure of biodiversity of tree dimensions and is calculated as follows:
where v j = 1 if the neighbour for a tree has smaller dbh than that tree, otherwise v j = 0.
The ddm value ranges between 0 and 1 and values equal to 1 refer to the dominance of the tree to its nearest neighbours by dbh. Uniform angle index (ua) defi nes the degree of regularity of the spatial distribution of tree positions in a stand, and it is considered as a single-tree based alternative to the agg (von Gadow et al., 1998) :
If α 0 = 360°/5 and α is the angle pointing away from a tree to its neighbours; w j = 1 when α < α 0 , otherwise w j = 0. The ua value ranges between 0 and 1, where value equal to 0 refers to regularity and value equal to 1 shows clustering. Species mingling index (ming) defi nes the degree of spatial segregation of the tree species in a stand, and gives the proportion of four nearest neighbours which do not belong to the same species as the reference trees:
where m j = 1 if the neighbour for a tree is of a different species, otherwise m j = 0. The ming value ranges between 0 and 1, where values equal to 0 refer to the tendency of species to be segregated and values equal to 1 show that a tree is surrounded by other species. Compared to agg, singletree based indices do not result in a single value, but in a value for each tree within the stand, for describing a whole stand by a specifi c index, the mean value for that stand is calculated. Finally, in order to describe the spatial structure of the RAMI stand and the fi ve simulated point patterns on a continuous basis, not only by a single value but also with a function, the radial distribution function (Diggle, 1983) or on the other hand, the point-pair correlation function (Cressie, 1993) , depending on the inter-tree distance, was calculated:
where, λ is the intensity of points at a distance r from an arbitrary point and λ 0 is the expected intensity for a Poisson process. The interpretation is similar to agg, where g(r) = 1 refers to randomness, where spatial distribution of trees/points are not correlated, g(r) < 1 suggests inhibition between points and g(r) > 1 shows clustering.
The edge effect correction
An important issue which should be addressed when dealing with spatial indices is the edge effect of trees standing near the edge of a sample plot, and the fact that the detected neighbours may not be their actual or real nearest neighbours. Ignoring this effect could result in inaccurate statistical estimates. To eliminate this error a border method was applied (Ripley, 1981) . To apply this method a buffer zone was implemented near the stand boundary. Depending on the indices, for a tree located within or near the stand border, the distance from its n th nearest neighbour (e.g. fi rst or fourth nearest neighbour) and the distance of that tree to the border were checked, and then the tree was excluded from the spatial indices calculation if its distance to the border was shorter. However, that tree could only serve as the nearest neighbour to other trees . This method guarantees the removal of all edge effects and, in comparison with other methods, it is simple to use (Kint et al., 2004) .
Statistical analyses
In order to evaluate the variation of structural indices for each size class and shape, the mean and the variance of each index were calculated. For reference stands, the expected values of any specifi c index, regarding the actual area of reference stands covered by sample plots, were computed. Since circular plots do not cover the areas near the corners of the reference stands, due to their circular shape and the square shape of reference stands, the uncovered areas (increasing with circular plot size) were considered and excluded when calculating the expected values. The effect was different for square sample plots. Since the attempt was to keep the same plot centres for circular and square sample plots with equal size, the square plots did not cover the areas of reference stands near the borders. In order to avoid the plots outside the stand area, for each sample plot size a buffer zone with a width equal to the circular plot radius was considered, and the dimensions of square plots were slightly smaller than circular plot diameters with equal size.
Standard deviation (sd) and the differences of the mean estimates from the expected values were calculated to highlight the effect of the sample plot size and/ or shape on estimate precision and accuracy, respectively. The calculation of sd is straightforward and the differences of the mean estimates from the expected values indicate the inaccuracy of the mean of the thousand sample plots estimations to measure the true values of structural indices. All calculations and analyses were performed using the R statistical software. Table 2 presents exact values of structural indices for all six one-hectare plot reference stands. In the case of the circular sample plots, the differences between exact values and expected values of structural indices were small (< 1%) for all reference stands, except for clustered patterns Cl1 and Cl2, varying up to 2.3 percent. In the case of the square sample plots, the differences between exact values and expected values of structural indices were even smaller (< 0.4%). Figure 1 shows that the greater difference in the case of the circular sample plots with a clustered pattern is caused due to the occurrence of the clusters in the corners, when compared with the area excluded from the quantifi cations of expected values, and a considerably larger number of points, specifi cally for bigger radii, were excluded. Variation of the statistical estimates quantifi ed by the standard deviation sd are presented in Figure 2 for the indices based on the fi rst nearest neighbour, and in Figure 3 for the indices based on four nearest neighbours. Variation of structural indices estimates declined asymptotically with increasing sample plot size in six different reference stands. Even though, compared to the circular plots, there is evidence of a slightly bigger variation of the estimate of agg, for the square sample plots in almost all reference stands, specifi cally in regular patterns. Notice that in case of uniform angle index ua the regular patterns Reg1 and Reg2 caused different sd trend than that from the other simulated patterns. In the case of a regular pattern, ua remained constant for all sample plot sizes and shapes, 0 for Reg1 and 0.5 for Reg2, resulting in sd = 0.
Results
The differences of the mean estimates from the expected values of structural indices for different sample plot size and shape are illustrated in Figure 4 for the indices based on the fi rst nearest neighbour and Figure 5 for the indices based on four nearest neighbours. The spatial arrangement of trees/points defi ned by agg, shows less inaccuracy for circular plots in all reference stands. In RAMI, random and regular reference stands inaccuracy declines with the sample plot area increasing up to 0.1 ha; however an underestimation of agg (or overestimation of clustering) is seen for the reference stand Cl1 when the plot area expands. In Cl2, the differences of the mean estimates from the expected values for agg fi rst decrease with the plot increasing in size up to around 0.1 ha and 
Joonis 2. Lähima naaberpuu statistikal põhinevate struktuuriindeksite hinnangute standardhälbed sõltuvana proovitüki pinda last ja kujust (märgid  ja  vastavad ringile ja ruudule).
Effect of sample plot size and shape on estimates of structural indices agg ddf Figure 3 . for sample plots bigger than 0.1 ha the differences start to increase again, however when the plot areas exceed 0.5 ha, the structural variables of those plots start converging to the structural values of the reference stand. Also, the estimate accuracy of ddf for reference stands, RAMI, Reg1 and Reg2, increased slightly with sample plot size, regardless of their shapes and the differences of the mean estimates from the expected values reached the minimum for sample plot size of 0.40-0.45 ha. The differences of the mean estimates from the expected values at estimating the indices based on four nearest neighbours were very small for all reference stands (less than 4%). Small sample plots produced mainly satisfactory results and, more or less, circular and square plots exposed the similar trends. Although the bigger sample plots slightly estimated a greater mixture of different species in a neighbourhood with all reference stands expect Cl1, accuracy increased by enlarging the plots' size above 0.4 ha. Besides, similar to sd, the measure of ua remained constant with the size and/or shape of sample plots, always 0 for Reg1 and 0.5 for Reg2, therefore, the differences of the mean estimates from the expected values were equal to zero. Figure 6 illustrates the information about the maximum distances within which trees/points may have direct interactions. As shown the pair correlation function resulted in thoroughly different pictures for considered reference stands. The pair correlation function in the RAMI stand shows a distance limit of approxima tely 6 m, where trees intend to be inhibited, and do not tend to be located in shorter distances within the stand. In further distances up to 10 m, they show a more clustering behaviour, and after that, their spatial arrangement approaches to randomness. As expected the g(r) values for random patterns are around 1 and the 
Joonis 4. Lähima naaberpuu statistikal põhinevate struktuuriindeksite hinnangute keskmine erinevus oodatavast väärtusest sõltuvana proovitüki pindalast ja kujust (märgid  ja  vastavad ringile ja ruudule).
Effect of sample plot size and shape on estimates of structural indices agg ddf Figure 5 . cluster patterns appear to have the values of correlation function greater than 1, up to inter-tree distances of 10-12 m, and after that critical distance, the pair correlation function behaves similar to the Poisson process for the mentioned patterns. Finally, the pattern of fl uctuations in g(r) values for regular reference stands refl ects the current spacing between points within those patterns.
Discussion
This study evaluated the estimation errors of several spatial structural indices for different sizes and shapes of sampling plots using a silver birch dominated stand located in Järvselja, RAMI, and fi ve different planar point patterns. The analyses revealed that the estimation precision of random sample plots increased with size for circular and square plots. This fi nding is well documented based on many other studies (e.g. Johnson & Hixon, 1952; Freese, 1960; Gray, 2003; Frazer et al., 2011; Naesset et al., 2015) . Also as explained, some fl uctuations for precision estimates of structural indices with increasing sample plots size in regular and clustered patterns were indicated. This fi nding is consistent with some previous studies where they concluded that the spatial scale of point patterns other than random affects the mentioned relationship between size and estimation precision (Reich & Arvanitis, 1992) and depending on the stand structure and management, the sampling errors and inaccuracy could often increase considerably (Pommerening & von Gadow, 2000; Kint et al., 2004) . The relative locations of trees/points within reference stands were described by spatial indices of agg and ua. The results of the statistical analyses for the two indices were slightly different due to different algorithms of calculating agg and ua. Where ua shows the expected trend of reduction in sd and inaccuracy with increasing size in most cases, as explained, some exceptions were evident for agg in RAMI and clustered patterns. However, when the variations declined with plot size, the bigger sample plots (> 0.01 ha) in Cl1 pattern underestimated the agg, which means a larger degree of clustering. Also sample plots bigger than 0.12 ha in RAMI and Cl2 slightly overestimated the aggregation, where smaller sample plots (< 0.12 ha) in Cl2 estimated more randomness than the actual existing clustering. As already explained agg is the ratio of average observed distances from the fi rst nearest neighbour to the expected distance for a Poisson point process of the same intensity (see eq.1) and depending on the area that the sample plots cover, and the intensity of trees/points, the mentioned expected distance may be smaller, or bigger, than that for the one-hectare plot. Besides, this fact is refl ected with the pair correlation values bigger than 1 (g(r) > 1) for clustered patterns, showing that inter-tree interactions exist up to the distances of 10-12 m, and after that g(r) curves reach 1, or even slightly less. Therefore, smaller plots fail to capture the actual points interacting. Various methods exist to represent spatial clustering (e.g. Anselin, 1996; Boots & Getis, 1988) and irrespective of the measurement employed, analyses are always subject to ecological fallacy by size, or other effects (Wrigley et al., 1996) . Subsequently, in order to achieve appropriate measurements, special consideration must be devoted to the scale of the general layout of the underlying process, and the overall distribution of points within the selected stand. The uniform angle index obtained for different reference stands were in accordance with their aggregation values, and behaved as expected: values between 0.5 and 0.6 refer to randomness, more than 0.6 show clustering, and less than 0.5 indicate regularity. However these distinctions may vary slightly (Albert, 1999, p. 67 ).
In the RAMI stand, the measures of structural indices ming and ddm, while only considering the four nearest neighbours, revealed that trees of different species and diameter sizes were assigned as neighbours, and the stand had quite a mixed structure. The values of two recent indices, bigger than 0.5 (see Table 2 ), indicated that, on average, each tree had two neighbours of different species, and the tree was larger than at least two of its immediate neighbours. However, the variation in the stem sizes of two immediate neighbours illustrated by ddf was rather small. This outcome seems acceptable for a silver birch-dominated stand, since as a pioneer tree species (Fischer et al., 2002) , silver birch is intolerant to shade, and the most favourable condition for this tree species is growing as a dominant tree with relatively less competitive surroundings (Hynynen et al., 2010) . Additionally, self-thinning due to negative interactions between neighbouring trees would result in a structure similar to the Poisson process with trees located randomly within a stand or even more regularly (Stoyan & Penttinen, 1998; Pommerening, 2002) . The estimates of the structural indices considering the diameter and species identity for the fi ve other reference stands were similar to the RAMI stand because of the method applied to assign dbh and species to points in this study. The aggregation and uniform angle measures for the RAMI stand when compared to those for random and regular patterns showed the same trend. Also, in shorter inter tree distances (up to 6 m), the pair correlation function values smaller than 1 (g(r) < 1) revealed that at those distances fewer trees were observed than what would be expected under random conditions. Regarding the compliance of inter-tree distance of 6 m with the estimated crown diameter of silver birch trees ranging from 1.5 to 5.8 m, the competition or/and thinning must cause this inhibition as explained earlier in this study, and also in other similar studies quantifying forest structure (e.g. Pommerening, 2002) .
The results obtained for structural estimates in the RAMI stand showed that the small plots with the area about 0.15 ha were able to provide quite accurate estimates, and increasing the plot size did not signifi cantly reduce the differences of the mean estimates from the expected values. Although, the smaller plots can show large variation among them, they captured the spatial heterogeneity of the RAMI stand more effi ciently than larger plots, and similar behaviour was also observed in Lombardi et al. (2015) when quantifying the effect of sample size on some structural indices in old-growth forests. Subsequently, changes can be detected by increasing the number of smaller plots as an alternative to enlarging the sample plot size (Salk et al., 2013) . Several practical matters must be considered when adopting research sample plots. The introduction of effi cient plots, either by size or by shape, allows the reduction of the total area assigned for sampling, or also lessens the total efforts and cost to measure the plot while maintaining the desirable accuracy. However, the infl uences of the studied traits are, of course, consequential. Several studies on the impact of plot size and/or shape on various measures of forest stands have also acquired considerable gains with small plots, while the effi ciency analyses for larger plots proved impotent (e.g. Conkle, 1963; Loo-Dinkins & Tauer, 1987; Haapanen, 1992; Lombardi et al., 2015) . Although there are reports of opposite gains due to various reasons and different traits that were investigated (e.g. Corona et al., 1998; Gray, 2003) .
When applying spatial structural indices an important issue to be considered is the edge effects, where the neighbourhood relationships are not truly shown for trees near the plot boundary due to the uncertainty of the neighbours' selection, as actual neighbours may lie outside the plot. Also depending on the algorithms of indices, when they count only for one nearest neighbour, or four nearest neighbours, this effect varies with shape and the reference stands' patterns. As the results of this study showed, although the inaccuracy of the estimate of circular and square plots are similar, the estimation errors among plots of the same size are more likely less for circular plots. When exploring the effect of shape, in most cases, circular sample plots come up with more accurate estimates. This attitude may be explained by the ratio of the perimeter to the surface area of monitoring plots, which is smaller for circular plots compared with square ones. Consequently, the edge effect becomes more signifi cant with decreasing the plot size, and also for square plots, as more trees will be excluded from the indices' calculations (Pommerening, 2002) . Despite several methods developed (e.g. Monserud & Ek, 1974; Martin et al., 1977; Donnelly, 1978) or tested (e.g. Radtke & Burkhart, 1998; in order to eliminate the edge effect, there is no overall solution that can be applied to all structural indices and plot shapes for stands with whatever pattern. However, the outcome of the current study presented slightly different estimates of structural measurements of reference stands for different plot shapes. In general, applying the circular plots provided much better approximations of considered structural indices for the studied RAMI stand and the simulated point patterns.
Potential variation of structural indices on Estonian forest sample plots
The distributions of indices' estimations applying sample plots with radii of 10 m, more common in NFI, and radii of 20 m, more common in ENFRP, to measure structural properties in the RAMI reference stands are compared in Figure 7 . As it is shown, and also explained earlier, when the sample plot radius increases from 10 to 20 m, the variation of sample plots when calculating structural indices decreases, and therefore the larger sample plots provide more accurate measures of the structural indices for the RAMI reference stand.
The agg and ua values of RAMI are very close to randomness (see Table 2 ), and as it has been already discussed, several studies suggest that the bigger sample plots would result in more precise and accurate estimates (e.g. Johnson & Hixon, 1952; Freese, 1960; Gray, 2003) . Some other fi ndings demonstrated that the spatial point patterns, other than random, may show different results (Reich & Arvanitis, 1992) , and the sampling errors as well as the differences of the mean estimates from the expected values could increase with increasing the plot size, depending on the stand structure and the management activities (Pommerening & von Gadow, 2000; Kint et al., 2004) . Consequently, when estimating different variables such as structural indices, special attention should be paid to the optimal size of the sample when considering the spatial distribution of the trees within the forest stands. On the other hand, as discussed earlier, the observation of a forest stand through sample plots with different sizes is a tricky issue because of spatial variablity of forest stands (Bellehumeur et al., 1997; Chen et al., 2004; Fajardo & Gonzalez, 2009) . As a spatial statistics tool the semivariogram is an applicable function to indicate the spatial correlation of variables characterizing the forest stand at sample locations (Cressie, 1993) :
where X i and X i+r are values of a variable at locations i and i+r, separated by the vector of directional distance r, and N(r) is the number of pairs of samples considered in the given distance class (lag, here 1 m). Figure 8 shows the omnidirectional semivariograms of the studied structural indices based on 10 m and 20 m sample plots' radii in the RAMI stand. The spatial variability of all stand structure estimations change with the sample plot size, and a more signifi cant spatial trend is seen for the smaller sample plots with radius of 10 m, and also some degree of spatial auto-correlation of the stand structure appears for sample plots with a radius of 20 m. Therefore, it can be concluded that observations at bigger spatial resolutions are more similar than of those at smaller scales (Arbia et al., 1996; Král et al., 2014) , because the proportion of spatial components of variability increases with enlarging the sample plots and possible trends are then more visible (Bellehumeur et al., 1997; Cohen et al., 1990; Král et al., 2014) . On the other hand, semivariograms are calculated either from discrete point data with a small extent (10-100 m) for tree level variables, or from sample plots of various sizes with a larger extent (150-300 m) for stand level measurements (Král et al., 2014) . Subsequently, since the studied structural indices present different attributes of forest stand, it must be noted that for studying the spatial variability, the study area is quite small (one-hectare) and also homogeneous, and as is shown in Figure 8 , the effects of the spatial correlation over short distances are non-negligible. Consequently, the calculated indices for different sample plots with any location are correlated, showing small variances. However, regarding the algorithms of calculated indices, they might be considered as tree level measures based on the tree's nearest-neighbours, accounting for small-scale differences (Kint et al., 2003) and, for describing a stand by a specifi c index, the mean value of that index for individuals within the stand (or sample plot) is calculated. In summary, the study was carried out on a small and quite homogenous area, and because of that, the variations among the structural estimates of different sample plots, specifi cally within shorter distances, were small and spatially correlated. The effect of spatial autocorrelation is expected to be diminished by using multiple plots from entirely different stands, and consequently, the variation of estimates would probably increase, and be larger than the results of the current study. However, the trend of this increment strongly depends on the algorithm of structural indices and the spatial alignment of trees within the stands with different development stages, growth conditions and species compositions. Therefore, before generalizing the out come of this study to other forest stands, a separate and careful evaluation of the structural indices is required in broader scales to depict the spatial correlation in observations measured at the sample locations.
Conclusions
The size and/or shape of the sampling plot is crucial to the extent that quantifying the same structural index for different sizes and/or shapes may yield different, or even inconsistent, results so that the appropriate size and shape of the sampling plot produce a high level of accuracy. The study results clearly demonstrated that the optimal choice of plot size and shape varies according to the spatial distribution of trees inside the stand and the algorithm of desired indices. The sensitivity of structural indices and characteristics to the size and shape of monitoring plots, was also demonstrated, where implementing square plots almost resulted in quite similar structural estimation accuracy compared to the accuracy estimations of circular plots. In addition, circular plots often provided satisfactory estimates of studied structural indices. On the other hand, not only should the sample plots be proper representatives of a real stand, but they also must be small enough, and simple to implement, in order to guarantee a minimum measurement expense. Therefore, referring to the results obtained for this study, circular plots are preferable, with the size depending on the stand attributes for structural considerations.
Metsa kirjeldamisel leiavad puistu traditsiooniliste takseertunnuste kõrval üha laie mat kasutamist mitmesugused puistu struktuuri ja puude ruumilise paiknemise mustrit iseloomustavad struktuuriindeksid ja karakteristikud. Eesti metsavarude hindamine ja kasvukäigu uurimine tugineb peamiselt suhteliselt väikestel proovitük-kidel tehtavatele mõõtmistele (statistilise metsainventeerimise (SMI) proovitükid on raadiusega 7 või 10 m, puistu kasvukäigu püsiproovitükkide võrgustiku (KKPRT) proovitükid on olenevalt puistu tihedusest raadiusega 15 kuni 25 m), mistõttu tekib küsimus, millisel määral sõltuvad puistu struktuuri iseloomustavad näitajad proovitüki suurusest ja kujust.
Siinne uurimisala on ühe hektari (100 m × 100 m) suurune 54 aasta vanune arukase enamusega puistu (RAMI puistu) Järvselja Õppe-ja Katsemetskonna kvartalil JS228, millel asuvad puud mõõdeti ja kaardistati metsa kiirguslevi mudelite võrdlemise eesmärgil 2007. a. Puistus oli tehtud harvendusraie 2004. a. sügisel, mille käigus teki tati põhja-lõunasuunalised väljaveo-teed. 2013. a tehtud kordusmõõtmisel oli uurimisalal 968 eluspuud, millest 57% olid arukased, 29,5% sanglepad ja 11% haavad ning puude rinnasdiameetri ruutkeskmine oli 20,13 cm. Erinevate struktuuriindeksite iseloomustamiseks ja omavaheliseks võrd-lemiseks simuleeriti lisaks viis virtuaalset puistut, mis vastavad puude erinevatele paigutusmustritele metsas: (1) puude juhuslik paigutus ehk Poissoni protsess (Ran), (2) puude äärmuslik kobarpaigutus (Cl1) ja (3) puude mõõdukas kobarpaigutus (Cl2), Proovitüki suuruse ja kuju mõju metsa struktuuriindeksite hinnangutele arukase (Betula pendula Roth) enamusega puistus Järvseljal
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